The impermeant nature of the intestinal barrier is maintained by tight junctions (TJs) formed between adjacent intestinal epithelial cells (IEC). Disruption of TJs and loss of barrier function are associated with a number of gastrointestinal diseases including neonatal necrotizing enterocolitis (NEC), the leading cause of death from gastrointestinal diseases in preterm infants. Human milk is protective against NEC and the human milk factor erythropoietin (Epo) has been shown to protect endothelial cell-cell and blood-brain barriers. We hypothesized that Epo may also protect intestinal epithelial barriers, thereby lowering the incidence of NEC. Our data demonstrate that Epo protects enterocyte barrier function by supporting expression of the TJ protein ZO-1. As immaturity is a key factor in NEC, Epo regulation of ZO-1 in the human fetal immature H4 IEC cell line was examined and demonstrated Epo stimulated ZO-1 expression in a dose-dependent manner through the PI3K/Akt pathway. In a rat NEC model oral administration of Epo lowered the incidence of NEC from 45% to 23% with statistical significance.
The impermeant nature of the intestinal barrier is maintained by tight junctions (TJs) formed between adjacent intestinal epithelial cells (IEC). Disruption of TJs and loss of barrier function are associated with a number of gastrointestinal diseases including neonatal necrotizing enterocolitis (NEC)
, the leading cause of death from gastrointestinal diseases in preterm infants. Human milk is protective against NEC and the human milk factor erythropoietin (Epo) has been shown to protect endothelial cell-cell and blood-brain barriers. We hypothesized that Epo may also protect intestinal epithelial barriers, thereby lowering the incidence of NEC. Our data demonstrate that Epo protects enterocyte barrier function by supporting expression of the TJ protein ZO-1. As immaturity is a key factor in NEC, Epo regulation of ZO-1 in the human fetal immature H4 IEC cell line was examined and demonstrated Epo stimulated ZO-1 expression in a dose-dependent manner through the PI3K/Akt pathway. In a rat NEC model oral administration of Epo lowered the incidence of NEC from 45% to 23% with statistical significance.
In addition, Epo treatment protected intestinal barrier function and prevented loss of ZO-1 at the TJs in vivo. These effects were associated with elevated Akt phosporylation in the intestine. This study reveals a novel role of Epo in regulation of intestinal epithelial TJs and barrier function and suggests the possible use of enteral Epo as a therapeutic agent for gut diseases.
Intestinal impermeability is regulated by tight junctions (TJs) formed between intestinal epithelial cells (IEC) at the most apical areas of the epithelium. Tight junctions serve to establish size-and charge-selective barriers between the gut lumen and the mucosa to control the diffusion of solutes, water, and electrolytes while also serving a key role in host defense to confine toxins, allergens, and pathogens to the intestinal lumen. Disruption of TJs is associated with a number of gastrointestinal diseases including neonatal necrotizing enterocolitis (NEC). NEC is the leading cause of death from gastrointestinal diseases in premature newborns and is characterized by loss of intestinal barrier function (1) (2) (3) .
It has been suggested that impaired intestinal barrier may predispose preterm infants to luminal bacteria invasion and immune system activation in the pathogenesis of NEC.
Tight junctions are composed of transmembrane proteins including occludin, claudins, and junctional adhesion molecules (JAMs) as well as cytoplasmic proteins such as zonula occludens (ZO-1, ZO-2, and ZO-3) (4). These proteins work in concert to form physical connections between epithelial cells and confer basic barrier properties. Zonula occludens-1 (ZO-1), the first TJ protein identified, contains protein-binding domains for interaction with other tight junctional-associated proteins including ZO-2, ZO-3, occludin, -catenin, pasillin, talin as well as with the perijunctional actin ring (5, 6) . Therefore ZO-1 serves as an important linker between the TJ and the actin cytoskeleton and is thought to be a functionally critical tight junction component.
Proinflammatory cytokines are frequently found elevated in intestinal diseases and NEC (7, 8) .
In addition to immune activation, accumulating evidence indicates that proinflammatory cytokines can induce intestinal TJ barrier disruption. IFN- is one of the proinflammatory cytokines found elevated in NEC (7, 8) and its role in the alteration of the intestinal TJ barrier has been well-established (9) (10) (11) . Previous studies have shown that IFN- treatment impairs barrier function and decreases the TJ protein ZO-1 expression in polarized human T84 enterocytes (10) . This suggests that intestinal integrity could be compromised in disease states through altered TJ protein expression. In fact, in animal models of NEC, those with disease had both impaired intestinal barrier function and aberrant TJ protein expression, and in NEC infants, the significantly increased intestinal permeability is also associated with altered TJ protein expression (12) . Thus, agents that can reverse the adverse effects of proinflammatory cytokines on TJ proteins and barrier function are expected to minimize barrier disruption following pathologic insults in gastrointestinal diseases.
Human milk is protective against NEC as human milk-fed preterm infants are less susceptible to NEC compared with formula-fed infants (13) . Erythropoietin (Epo) is a human milk factor (14) . Although first described as a major regulator of erythropoiesis, Epo exhibits additional biological activities including protection of endothelial cell-cell and blood-brain barriers (15, 16) . Functional Epo receptors are present on the luminal side of villi in fetal and neonatal human and rat intestines (17, 18) , suggesting physiologic roles of Epo in the developing gut. These findings and previous studies showing the importance of an intact intestinal barrier in limiting the progression of gut diseases collectively lead to our hypothesis that Epo may protect intestinal epithelial barrier function, thereby lowering the incidence of NEC.
Our in vitro studies demonstrate that Epo is able to reverse the effect of IFN- and protect both TJ protein ZO-1 expression and barrier function.
In this study we also report protective effects of Epo and reduced NEC incidence in vivo in the immature intestine of an animal model of NEC.
The underlying mechanism appears to be mediated through PI3K-dependent activation of Akt. These Epo effects via the PI3K/Akt pathway appears to be specific as oral administration of another human milk factor, transforming growth factorbeta (TGF-), neither activated Akt activation nor protected intestinal barrier function. The present study demonstrates a novel biological function of Epo and suggests a potential use for Epo in gut diseases.
MATERIALS AND METHODS
Cell cultures and reagents -The intestinal epithelial cell line, T84 cells were grown in a 1:1 (vol/vol) mixture of DMEM and F12 medium (Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated fetal calf serum, 1% glutamine, 50 units/ml penicillin, and 50 g/ml streptomycin. Cells were routinely trypsinized when they reached 50-75% confluence and cell passages 50-64 were used. H4 cells (a generous gift from Dr. W. Allan Walker, MGH, Harvard Medical School) are a human fetal nontransformed primary intestinal epithelial cell line used as a model of immature IEC (19) . They were cultured in DMEM with 10% heat-inactivated fetal calf serum, 1% glutamine, 1% sodium pyruvate, 1% amino acids, 1% HEPES, 50 units/ml penicillin, 50 g/ml streptomycin, and 0.2 units/ml insulin. Cell passages 11-21 were used. All cells were grown at 37°C in a 5% CO 2 atmosphere. Recombinant human and rat erythropoietin were purchased from R & D Systems (Minneapolis, MN, USA). Recombinant human IFN- was from PeproTech (Rocky Hill, NJ, USA). Inhibitors used to inhibit activation of intracellular pathways (IKK inhibitor II and MG262 for the NF-B pathway, JNK inhibitor II for the JNK pathway, PD 98059 for the ERK pathway, SB 236580 for the p38 pathway, and Wortmannin and LY 294002 for the PI3K/Akt pathway) were from Calbiochem.
In vitro barrier function/paracellular permeability assay -T84 human enterocytes (1x10 5 cells/200 l) were plated on 0.4 μm pore size clear polystyrene Transwells (Costar, Cambridge, MA, USA) in triplicate and fed twice a week. Cells were used when the transepithelial electrical resistance (TER), a measure of TJ integrity, was over 1,000 Ω·cm 2 as measured with an epithelial voltohmmeter (World Precision Instruments, Sarasota, FL). IFN- was added to the basolateral side only and Epo was added to both apical and basolateral sides of Transwells. Barrier function was determined at 72 hours following treatments by apical to basolateral flux of 10 kDa fluorescein isothiocyanate-labeled dextran (FITC-dextran). FITC-dextran in culture media (1 mg/ml) was added to Transwell inserts (the apical side) and 5 hours later, FITC-dextran concentrations in the lower compartment of the Transwell (the basolateral side) were determined using a Synergy 2 fluorometer (BioTek, Winooski, VT) (excitation, 485 nm; emission, 528 nm). An apparent permeability coefficient (P app ) was used as a barrier function index and calculated by the following formula: P app (cm/s) = P/(A x C o ), where P is the permeability rate (mol/s), C o is the initial concentration (mol/ml or mol/cm 3 ) in the upper chamber, and A is the surface area (cm 2 ) of the monolayer.
RNA interference -To perform ZO-1 silencing, 50% confluent cells were transiently transfected with 200 nM of a pool of four scrambled control or ZO-1 siRNAs (Dharmacon, Lafayette, CO) using Oligofectamine (Invitrogen) according to the manufacturer's guidelines. Cell lysates were harvested on days 4, 8, and 12 after transfection and subjected to immunoblotting for ZO-1 and -actin. To determine TER and barrier function under a ZO-1-silencing condition, 5x10 5 T84 cells in 300 l along with 200 nM control or ZO-1 siRNAs and Oligofectamine were plated in Transwells in triplicate. Media was changed next morning and then twice a week. In vitro barrier function/paracellular permeability was measured when control siRNA-transfected cells reached a high TER (> 1,000 Ω·cm 2 ). Cell lysates were then collected for ZO-1 immunoblotting.
Immunoblot analysis -Immunoblotting was conducted as described previously (20 Immunofluorescence staining of cells -Cells grown in chamber slides were fixed with 3.7% paraformaldehyde/PBS for 10 minutes at RT and permeabilized with 0.1% Triton X-100 in 1% BSA/PBS for 30 minutes at RT. Cells were blocked with 10% BSA/PBS for 1 hour at RT, incubated with primary antibodies in 2.5% BSA/PBS overnight at 4°C and then with an Alexa Fluor 488-conjuaged 2 nd antibody in 2.5% BSA/PBS for 1 hour at RT. Nuclei were stained with DAPI (100 ng/ml) and images were acquired by confocal microscopy with Leica SP2.
Immunofluorescence staining of tissues -After deparaffinization and rehydration, intestinal sections were blocked in 5% BSA for 1 hour at RT and then incubated with ZO-1 and occludin antibodies (Zymed Laboratories, San Francisco, CA, USA) at 1:200 dilution, followed with an Alexa Fluor 488-conjuated 2 nd antibody (Molecular Probes, Eugene, OR, USA). Nuclei were labeled with DAPI (100 ng/ml). Images were acquired by confocal microscopy using Leica SP2.
Neonatal rat NEC model -All animal studies were reviewed and approved by the Institutional Animal Care and Use Committee. Animal experiments were conducted following a welldescribed rat NEC animal model (21) . Neonatal rats from time-dated pregnant Sprague-Dawley dams were delivered by Cesarean section at E20 following isoflurane anesthesia. Pups were then stabilized, dried, and maintained in a humidified incubator at 37°C, and bowel/bladder function was stimulated by a soft cotton-tip applicator. Pups were fed with Esbilac puppy formula every 3 hours via an orogastric feeding catheter and stressed under 5% O 2 + 95% N 2 for 10 minutes after feeding three times a day to induce NEC. The feeding volume began at 0.1 ml and was increased incrementally up to 0.25 ml. Naturally born and dam-fed neonatal rats were included in experiments as healthy controls. Animals were sacrificed when ill or at the end of the experiment on day 5, mortality was not used as an endpoint. Intestine was collected and fixed in 10% buffered formalin overnight for tissue section preparation.
H & E stained intestinal sections were assessed histologically for ileal damage by a pathologist using a previously published NEC scoring system to evaluate the degree of intestinal injury on a "0" to "4" scale as follows: 0 no histologic damage; 1 (mild), slight submucosal and/or lamina propria separation; 2 (moderate), moderate separation of the submucosa and/or lamina propria and/or edema in the submucosa and muscular layers; 3 (severe), severe separation of the submucosa and/or lamina propria and/or severe edema in the submucosa and muscular layers with regional villous sloughing; and 4 (necrosis), loss of villi and necrosis. Scores  2 are defined as NEC (22) .
In vivo intestinal barrier function assay -To investigate intestinal lumen-to-blood permeability/barrier function in the NEC model, an in vivo permeability assay was performed using FITC-dextran as described previously (23) . Previous publications have used both 4 kDa and 10 kDa FITC-dextran to determine in vivo gut permeability (24) (25) (26) (27) . Immature intestine is considered leakier than mature intestine (28) and a small molecule tracer does not allow for detection of subtle alterations in barrier function. After optimization, 10 kDa rather than 4 kDa FITCdextran was used in our study to better distinguish improved barrier function of leaky immature intestine. Briefly, all surviving rat pups at the end of experiments were gavaged with 10 mg/ml 10 kDa FITC-dextran (40 mg/100 g body weight). Four hours later, whole blood was collected and centrifuged at 3000 rpm for 10 minutes. Twenty five l serum was then obtained from the supernatant, diluted in 100 l PBS, and added in a 96-well black wall microplate in duplicate (60 l per well) for measurement of fluorescence intensity using a fluorometer. Standards were included to determine the concentrations of FITCdextran in the serum. High concentrations of FITC-dextran in the serum indicate greater transmucosal transport of FITC-dextran across the intestinal barrier to blood. At the end of our 5 day NEC model, surviving pups grossly have histologically normal intestine (score 0). These pups were used to evaluate barrier function to remove the confounding effect of intestinal necrosis associated with disease state.
Statistical analysis -All data are presented as means ± SE or SEM from multiple independent experiments. Statistical analysis was performed using the  2 -test for NEC incidence, Student's ttest for paired data, or one-way analysis of variance (ANOVA) with a Bonferroni correction for multiple comparisons with GraphPad InState software.
Difference was considered to be significant with p values < 0.05.
RESULTS

ZO-1 silencing impaired TER and barrier function in enterocytes-Inflammatory cytokines
are elevated in a number of gastrointestinal diseases and are known to induce barrier dysfunction (7) (8) (9) (10) . T84 enterocytes (ATCC No. CCL-248) form a polarized and impermeable monolayer that possesses many characteristics of IEC in vivo, enabling the study of barrier function in vitro. Incubation of these cells with the proinflammatory cytokine IFN- (20 ng/ml) impairs barrier properties as well as expression of the TJ protein ZO-1 (9,10). Although it is believed that ZO-1 mediates the effect of IFN- on barrier disruption, it is still unclear whether loss of ZO-1 alone is sufficient to disrupt TJ integrity. To address the question, we examined transepithelial electrical resistance (TER) and barrier function in ZO-1 knockdown T84 cells using a genetic silencing approach by siRNA transfection. Immunoblotting results show suppressed ZO-1 protein expression in cells on days 4, 8, and 12 following ZO-1 siRNA transfection compared with control (scrambled) siRNA transfection (Fig.  1A) . Immunoblotting for -catenin on the same membrane shows equivalent -catenin levels in both ZO-1 and control siRNA-transfected cells, demonstrating specific RNA silencing and equal sample loading (Fig. 1A) . When grown in Transwells, control siRNA-transfected T84 cells started to show increased TER, a measure of TJ integrity, on day 12 and continued to reach high TER (>1000 Ω•cm2) on day 16 whereas ZO-1 knockdown cells showed consistently lower TER compared with controls from day 12 to day 16 (Fig. 1B) . In vitro barrier function determined by a FITC-dextran flux experiment on day 16 when control siRNA-transfected cells reached high TER shows impaired barrier function/increased permeability in ZO-1 knockdown cells compared to controls (Fig. 1C ). These results demonstrate that ZO-1 downregulation significantly impairs TER and barrier function and that the IFN- effect on barrier disruption can be mediated in part through ZO-1 inhibition in T84 cells. ZO-1 immunoblotting with lysates harvested from Transwells confirms suppressed expression of ZO-1 in ZO-1 siRNA-transfected cells on day 16 when TER and barrier function were measured (Fig.  1D) .
Epo protected enterocyte barrier function and ZO-1 localization from inflammatory cytokineinduced damages-Human milk is protective against NEC, and Epo is a human milk factor that has been shown to protect cell-cell barrier in endothelial cells and the blood-brain barrier in animals (15, 16) . We hypothesized that Epo may similarly protect intestinal epithelial barrier function. This was first assessed in vitro in T84 enterocytes where IFN- induces barrier disruption by downregulating the TJ ZO-1 expression (10). T84 cells grown on Transwell inserts with high TER were treated with 20 ng/ml IFN- (10) to the basolateral side, where cellular IFN- receptors are known to be present and with recombinant human Epo at 0.1 U/ml to the apical and basolateral sides. Epo was used within the physiologic concentration range of Epo in human milk (29, 30) . Following treatment, TER was monitored at 24, 48, and 72 hours and paracellular permeability/barrier function was determined at 72 hours. Consistent with previous findings, IFN- treatment increased apical to basolateral FITC-dextran flux ( Fig. 2A) . Combined IFN- and Epo treatment significantly blunted the IFN--induced increase in FITCdextran flux ( Fig. 2A) , indicating that Epo attenuated the IFN--induced barrier disruption. This Epo effect was not due to increased cell growth (data not shown) as a parallel cell proliferation assay showed little difference in cell proliferation among treatments. In T84 cells, IFN- disruption of barrier function is associated with downregulation of the tight junction protein ZO-1 ( Fig. 2 ) (10) and decreased ZO-1 expression alone was sufficient to cause barrier dysfunction (Fig.  1) . In addition to barrier protection, Epo treatment prevented IFN--induced downregulation of ZO-1 ( Fig. 2B ) and subcellular localization (Fig. 2C) . In untreated cells, confocal microscopy demonstrates well characterized ZO-1 localization at the cell boundaries in the en face (x-y) sections and at the TJs in apical areas in vertical (x-z) sections, which is in contrast to fainter and more diffuse ZO-1 staining at both places in IFN--treated cells (Fig.  2C) . These results show that Epo is able to protect TJ protein ZO-1 expression as well as subcellular distribution from IFN--induced damages in T84 enterocytes.
Epo increased TJ protein ZO-1 expression in human fetal immature IEC-As 90% of NEC occurs in premature babies with immature intestines, the Epo regulation of the TJ protein ZO-1 results were confirmed in an immature IEC line. H4 cells are a human fetal nontransformed primary cell line used as a model of the preterm gut (a generous gift from Dr. W. Allan Walker, MGH, Harvard Medical School) (19) . H4 cells were treated with 0.1, 0.5, and 1 U/ml recombinant human Epo for 24 hours and then lysed. Immunoblotting of the lysates shows Epo stimulation of ZO-1 expression in a dose dependent manner (Fig 3A) .
H4 cells are undifferentiated and do not form TJs. We observed stronger ZO-1 staining both on membrane and in the cytoplasm following Epo treatment by immunofluorescence microscopy (Fig 3B) . We also examined the effect of Epo on the expression of other TJ and adherens junctional proteins and found that Epo only slightly increased ZO-2 expression and had no effect on the expression of E-cadherin, -catenin, occludin, claudin-1 or claudin-3 (Fig. 3C) .
Epo stimulated ZO-1 expression via the PI3K/Akt pathway in human fetal immature IEC-Following binding to preformed dimers or oligomers of Epo receptors, Epo elicits different cell responses by activating intracellular signaling pathways including the NF-B, JNK, ERK1/2, p38 MAPK, and PI3K/Akt pathways (31) (32) (33) (34) . Whether any of those pathways is activated and mediates Epo regulation of ZO-1 in H4 immature IEC was studied using specific inhibitors as follows: the IKK inhibitor (IKK inhibitor II) and the proteasome inhibitor (MG262) were used to suppress IB- phosphorylation and degradation, respectively, thereby suppressing activation of the NF-B pathway, the JNK inhibitor (JNK inhibitor II) was used to inhibit the JNK pathway, the MEK inhibitor (PD 98059) was used to inhibit the ERK1/2 pathway, SB 236580 was used to inhibit the p38 pathway, and the PI3K inhibitors (Wortmannin and LY 294002) were used to suppress PI3K and downstream PI3K-dependent Akt activation. There was no inhibition of ZO-1 expression seen with IKK inhibitor II, MG262, or SB 236580 by immunoblotting. In contrast, Epo stimulation of ZO-1 expression was significantly inhibited in the presence of the JNK inhibitor II, PD 98059, Wortmannin, and LY 294002 (Fig.  4A) , suggesting that the JNK, ERK1/2, and PI3K/Akt pathways are involved in Epo regulation of ZO-1 expression.
However, Epo only stimulated Akt, not JNK or ERK1/2 phosphorylation as evaluated by immunoblotting using antibodies against p-Akt, p-JNK, and p-ERK1/2 (Fig. 4B ). These results demonstrate that Akt activation by PI3K mediates Epo regulation of ZO-1 in immature IEC.
Epo lowered the incidence of NEC in an animal model-Loss of intestinal barrier function contributes to the pathogenesis of NEC (12) . Since Epo protected enterocyte barrier function in vitro ( Fig. 2A) , we next assessed the physiologic relevance of this finding by determining if enteral Epo can lower the incidence of NEC in a rat animal model (21) . In this model, pups are subject to three major risk factors for human NEC (prematurity, formula feeding, and hypoxiaischemia) and many of the clinical and pathological changes in the immature rat pups are similar to those found in humans: the abdomen is distended, blood is detected in the stool, and the ileum and proximal colon are the most affected parts of the intestine (35) . Intestinal sections were H&E stained and scored as described in the "Materials and Methods". Non-stressed naturally born pups fed by their mother (the dam-fed group) served as controls. Our results show no NEC in the healthy mother-fed control group (n=20) and 45% NEC incidence in the untreated experimental NEC group (n=56). Interestingly, oral administration of Epo reduced NEC incidence from 45% to 23% (n=56) (p < 0.05), demonstrating that enteral Epo can lower NEC incidence (Table 1) . No difference was seen among groups in measured serum pH or hemoglobin levels (data not shown).
Epo protected intestinal barrier function in a NEC animal model-To determine if Epo protection against NEC was associated with preservation of intestinal barrier function in the face of NEC stress, paracellular intestinal permeability was assessed by oral administration of the fluorescent tracer FITC-dextran (10 kDa) to all surviving pups at the end of the NEC animal experiment. The concentrations of fluorescent FITC-dextran in the blood were then measured as a reflection of intestinal permeability in vivo. As expected, the healthy dam-fed control pups (n=30) had the lowest level of FITC-dextran in the blood (better barrier function) whereas the untreated NEC experimental preterm pups (n=28) had highest levels of FITC-dextran in the blood (poorer barrier function) (Fig. 5) . Epo treatment in experimental NEC pups (n=40) significantly decreased FITC-dextran flux to blood to near damfed control levels, indicating that the supplementation of Epo in formula protected barrier function. TGF- is a multifunctional cytokine and also a human milk factor used as a control for Epo treatment in the animal study. Both Epo (0.1 U/ml) and TGF- (10 ng/ml) were used within the physiologic concentration range of Epo and TGF- in human milk (29, 30) . The effect of Epo on barrier function is specific as administration of TGF- (n=22) failed to protect intestinal barrier function. Histopathology of the intestine from animals used for the in vivo barrier function assay showed no evidence of NEC, suggesting that disruption of barrier function was not due to intestinal necrosis.
Epo maintained ZO-1 at the intestinal tight junction in a NEC animal model-Intestinal
barrier function can be regulated by both TJ structure and proper TJ protein expression. Epo protected T84 enterocyte barrier function by maintaining ZO-1 expression (Fig. 2) as well as intestinal barrier function in experimental NEC animals (Fig. 5) . Whether histologic expression and localization of ZO-1 is altered during the development of NEC and whether Epo preserves ZO-1 in the ileum, the NEC-affected area, was evaluated in intestines from the same animals used for the in vivo barrier function assay. Immunofluorescence staining revealed normal TJ structure and ZO-1 protein expression predominantly at the TJs in mother-fed healthy control pups. In contrast, ZO-1 staining at TJs was lost in histologically normal (NEC score "0") ileal villi from the pups exposed to NEC stress (Fig. 6A ). This alteration in ZO-1 by NEC stress was prevented by feeding pups formula containing Epo supplementation. H & E staining confirmed no histologic damage in the pups used for this experiment (Fig. 6 top panels) , suggesting that the loss of ZO-1 at the TJ was not associated with intestinal necrosis. Although we were unable to directly demonstrate this, loss of ZO-1 at the TJ junction may be an early event that precedes histologic alterations.
Alterations of adherens and tight junction proteins during the pathogenesis of NEC-To determine whether changes in intestinal permeability were associated with alterations in other TJ and adherens junction (AJ) components, expression of claudin-1, claudin-3, E-cadherin, and -catenin was evaluated by immunoblotting of intestinal lysates from rat pups sacrificed at the end of animal experiments. Besides claudin-3, which is known to increase in NEC ileum (12), we also observed increases in the AJ proteins Ecadherin and -catenin in the ilea from experimental NEC intestine compared with healthy controls (Fig. 6B) . Claudin-1 expression was not altered between experimental NEC and healthy intestines. Consistent with our in vitro study, Epo treatment did not alter claudin-1, claudin-3, E-cadherin, or -catenin levels in experimental NEC intestines.
Epo activated the Akt pathway in vivo in the NEC animal model-In the immature H4 IEC, the PI3K/Akt pathway mediated Epo stimulation of ZO-1 expression (Fig. 4) . We studied whether Epo can activate the same pathway in vivo by pAkt immunoblotting of intestinal lysates. In healthy dam-fed intestine, Akt activation is readily detected, which is in contrast to minimal Akt activation in non Epo-treated experimental NEC intestines (Fig. 7) . Epo administration in the experimental NEC animals maintained high levels of phospho-Akt to a similar degree as in dam-fed intestines whereas the TGF- treatment, a control for Epo treatment was unable to maintain sustained Akt activation.
DISCUSSION
NEC is the most common cause of death from gastrointestinal diseases in preterm infants. Previous studies have revealed protective effects of breast milk on both the incidence and the severity of NEC (36) . Components in human milk responsible for this protective effect are expected to act on steps in the pathogenesis of NEC. Understanding the underlying mechanisms of biochemical cross-talk between human milk factors and the intestines of breastfed infants offers an opportunity for development of therapeutic agents for this disease.
Erythropoietin is found in human milk. Although first reported as a major stimulator of erythropoiesis in erythroid progenitor cells, several studies have indicated diverse effects of Epo in nonhematopoietic cells with Epo receptors including cardiac muscle cells and neurons, where Epo acts as a protective cytokine (37) (38) (39) . Functional Epo receptors are also present at the IEC brush border of fetal and postnatal intestines in humans and rats, suggesting a role of Epo in the developing gut (18) . Our data demonstrates that Epo can specifically preserve intestinal barrier function under conditions of inflammatory stress. Our results thus reveal a novel protective effect of Epo on intestinal barrier integrity.
We found that Epo protected enterocyte barrier function via maintenance of ZO-1 levels and cellular localization in vitro in the cell line H4. As the immature H4 cells do not polarize or form sufficient tight junctions to measure barrier function, we measured the effect of Epo on ZO-1 and barrier function on immature intestinal epithelia under conditions of inflammatory stress in vivo. Our data in newborn rat pups demonstrated that Epo significantly decreased NEC incidence, attenuated intestinal barrier disruption, and maintained TJ structure and ZO-1 localization in vivo in an experimental NEC animal model.
NEC is known to be associated with overexpression of a number of proinflammatory cytokines. In addition to inducing an inflammatory response, proinflammatory cytokines are now known to induce barrier disruption. IFN- has been shown to be elevated in NEC (7, 40) and a mediator for inducing intestinal epithelial permeability both in vitro and in vivo (10, 11, 41) . Correspondingly, NEC has been shown to involve structural and functional loss of the intestinal barrier as described in the study by Piena-Spoel et al., in which human neonates diagnosed with severe cases of NEC had increased intestinal permeability compared with healthy controls (42) . From our study, loss of the TJ protein ZO-1 important for barrier function was evident in animals exposed to NEC stress that did not yet have histologic evidence of NEC. This suggests that the ZO-1 loss we saw was not just a consequence of necrosis associated with intestinal injury of the disease, but instead could be an early event that preceded NEC.
Impaired intestinal barrier function in pathological conditions has been associated with altered expression of TJ as well as adherens junctional proteins.
Interestingly, we found elevated E-cadherin and -catenin in the experimental NEC compared to dam-fed pups. Claudins are other main TJ components playing an important role in the regulation of paracellular transport (43) .
Claudin-1 expression was comparable between experimental NEC and healthy intestines. In contrast, claudin-3 expression was upregulated in experimental NEC intestines where increased intestinal permeability was detected. Interestingly, others have shown that claudin-3 can be used as a marker of intestinal injury (44) . Our findings are consistent with the study by Clark JA et al. in which increased claudin-3 was observed in NEC intestines and correlated with the degree of NEC injury. It is possible that intestinal epithelial cells further increase expression of some components important for maintaining barrier function to compensate for the barrier disruption as the intestine becomes more damaged.
Further, examination of mucosal expression of claudin-3 in duodenum in children with celiac disease also demonstrated the correlation between elevated claudin-3 and increased intestinal permeability (45) . The claudins are thought to be the poreforming proteins that regulate the size selectivity of the TJ barrier (46) and the increased claudin-3 expression may promote a "leakier" epithelium, allowing for overall increased intestinal permeability. Epo administration preserved ZO-1 but did not significantly affect expression of claudin-1, claudin-3, E-cadherin, or -catenin in experimental NEC.
Our in vivo data shows diminished Akt activation in experimental NEC intestine, which can be increased by Epo treatment to near healthy intestinal control levels, suggesting a role of Akt activation in mediating Epo modulation of ZO-1 distribution and intestinal barrier function in vivo. The Akt pathway has previously been shown to be involved in regulation of barrier integrity in endothelial cells. A serum-borne bioactive lipid, sphingosine-1-phosphate (S1P), enhances endothelial barrier integrity by inducing ZO-1 redistribution to the cell-cell junctional contacts (47) and the effect of S1P was abrogated upon inhibition of PI3K/Akt activation.
The Akt pathway is one of the known pathways downstream of Epo and was activated in the immature H4 IEC. In these cells, PI3K activation mediated Epo regulation of ZO-1 as treatments with LY 294002 and Wortmannin, the inhibitors for the Akt upstream activator PI3K, abrogated Epo stimulation of ZO-1. Epo stimulation of ZO-1 expression was also significantly inhibited in the presence of the JNK inhibitor and PD 98059 (Fig.  4A) , suggesting that the JNK and ERK1/2 pathways are also involved in regulation of ZO-1 expression. However, Epo stimulated only Akt but not JNK and ERK1/2 phosphorylation (Fig.  4B) as evaluated by immunoblotting using antibodies against p-Akt, p-JNK, and p-ERK1/2. It is possible that the JNK and ERK1/2 activation may be required for basal regulation of ZO-1 expression and that Akt activation via PI3K mediates Epo regulation of ZO-1 in immature IEC. This is the first study to document effects of enteral Epo directly on IEC and experimental NEC. Others have investigated the effect of Epo administered via injection. A retrospective cohort study of subcutaneous injection Epo administration for prevention and treatment of anemia of prematurity demonstrated lowered incidence of NEC in very low birthweight infants (500~1,250 g) (48) . In separate animal studies, peritoneal injection of recombinant human Epo in a rat model of NEC appeared to reduce oxidative stress associated with the pathogenesis of NEC (49, 50) . However, injection potentially carries risks of infection through skin disruption and as multiple tissues have Epo receptors, systemic administration potentially carries a greater risk for systemic effects. Our study used immature rat pups obtained by Cesarean section and oral administration of recombinant rat Epo to specifically address whether Epo has direct effects on IEC and whether Epo can protect an immature intestine from NEC through its intestinal receptors. In our model, NEC stage is a histologic diagnosis, and can only be determined after sacrifice, thus our study focused on prevention of disease rather than treatment. This is consistent with Epo as a component of protective human milk. Our study demonstrates that Epo is able to exert its activity against the pathophysiology of NEC within the gut following oral administration at physiologic concentrations. Epo was used at a concentration within the physiologic range of breast milk to mimic the protective role of breast milk and specifically demonstrate that protection could be achieved at this relatively low dose.
Our data suggests that enteral administration of recombinant Epo at concentrations comparable to those found in human milk is sufficient for maintenance of ZO-1 expression in the context of inflammatory stress, leading to preservation of barrier function and reduced incidence of NEC in an animal model. As Epo is an FDA approved agent and has been used to treat anemia in infants, this study not only represents an important first step toward understanding the actions of an isolated factor in breast milk in protecting infants from NEC but also potentially suggests broader application for the novel therapeutic use of Epo in intestinal diseases. A neonatal rat NEC model and NEC scoring were conducted as described in the "Materials and Methods". Experimental NEC rat pups were left untreated or treated with 0.1 U/ml Epo. Naturally born and mother-fed pups were healthy controls. "" depicts p < 0.05 between the experimental NEC groups by  2 test.
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